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Abstract 
Cementation of beach sand in the intertidal zone produces beachrock, such as that 
found on Heron Island (Heron Reef, Great Barrier Reef, Australia). Although common to 
coastlines in many low-latitude beach environments, the cause of cementation is not fully 
understood. In this investigation, electron and X-ray fluorescence microscopy were used to 
characterize previously undocumented features of beachrock. Two generations of beachrock 
were examined as a means of understanding the progression of cementation. Meniscus-
shaped attachments at point contacts appear to be the first cements to form in biofilms near 
the beachrock surface. This is followed by isopachous fringe cements within the now 
‗enclosed‘ beachrock, composed of aragonite needles that are enriched in strontium and 
contain extracellular polymeric substances (EPS). Cement precipitation is driven by locally 
high concentrations of cations in solution, undoubtedly generated via microbial dissolution of 
the detrital carbonate grains. Binding to negatively charged bacterial EPS retains these 
cations within beachrock microenvironments. The metabolism of cyanobacteria and 
associated heterotrophs induce the supersaturating conditions needed for cement 
precipitation. Deeper within beachrock (mm to cm-below the surface), abundant microbialites 
are found on the edges of grains and contain trapped and bound detrital material. These 
structures are laminated, enriched in strontium in some layers, and contain microfossils.  The 
results of this investigation clearly demonstrate a biological influence in the precipitation of 
aragonite cement involving internal recycling of cations through microbial dissolution and 
precipitation of carbonate minerals.  
 
1. Introduction 
Beachrock is the product of lithification of beach sediment by carbonate cement in the 
intertidal zone of low-latitude coastlines (Hanor, 1978; Neumeier, 1999; Vousdoukas et al., 
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2007). Beachrock outcrops typically exhibit the bedding, seaward dip (~5-15°), and sedimentary 
structures of the parent beach sediment (Davies and Kinsey, 1973; Krumbein, 1979; 
Vousdoukas et al., 2007). Beach sediment becomes consolidated to form beachrock through the 
precipitation of aragonite or high-Mg calcite cements, which can exhibit isopachous, meniscus, 
and pendent fabrics (Scoffin and Stoddart, 1983). Several studies have demonstrated that 
beachrock cementation can occur on the timescale of a few years (Frankel, 1968; Easton, 1974; 
Chivas et al., 1986; Vousdoukas et al., 2007). Relict beachrock has been used as an indicator of 
Quaternary shorelines and sea levels (Ramsay and Cooper, 2002; Tatumi et al., 2003; 
Vousdoukas et al., 2007; Mauz et al., 2015). The formation of beachrock greatly alters beach 
morphodynamics and shallow marine hydrodynamics by altering the patterns and rates of 
sediment deposition and erosion, as well as the focus of wave energy (Vousdoukas et al., 2007). 
In some cases, beachrock prevents erosion of shorelines by shielding unconsolidated beach 
sediments from wave action and reducing wave energy (Kindler and Bain, 1993; Chowdhury et 
al., 1997; Dickinson, 1999; Calvet et al., 2003). Beachrock alters longshore sediment supply by 
locking sediment into place, resulting in excess erosion of sediment on the seaward side of 
beachrock in some cases leading to the formation of a gutter immediately in front of the 
beachrock (Cooper, 1991; Larson and Kraus, 2000; Sumer et al., 2005).  
 In spite of being the focus of many previous studies, the process(es) responsible for 
beachrock cementation remain(s) enigmatic. Proposed physicochemical methods of beachrock 
formation include direct cement precipitation from meteoric water (Russell and McIntire, 1965) 
or marine water (Alexandersson, 1969; Alexandersson, 1972; Magaritz et al., 1979; Gischler 
and Lomando, 1997), mixing of marine and meteoric waters (Moore, 1973; El-Sayed, 1988), 
evaporation (Ginsburg, 1953), and degassing of CO2 (Meyers, 1987; Dickinson, 1999). 
Microorganisms, known to play an important role in carbonate mineral precipitation in a variety 
of environmental settings, may also play a role in the formation of beachrock (Krumbein, 1979; 
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Novitsky, 1981; Webb and Jell, 1997; Neumeier, 1999; Webb et al., 1999). Ureolytic bacteria 
have previously been used to induce small-scale beachrock formation, however, the conditions 
utilized in these experiments did not account for key components of the natural beachrock 
formation environment, such as the presence of phototrophs, natural nutrient concentrations, 
tidal activity, and diurnal light cycling (Danjo and Kawasaki, 2013; Khan et al., 2016). The 
structure and mineralogy of beachrock enables it to host a range of lithophytic microorganisms, 
including euendoliths, cryptoendoliths, chasmoendoliths, epiliths, and hypoliths (Golubic et al., 
1981; Webb et al., 1999; Cockell et al., 2005). These habitats provide microenvironments 
wherein microorganisms can interact with their lithic host.  
Reasonable ideas have been reported previously in support of each of the proposed 
beachrock formation mechanisms, but no one mechanism is able to explain the formation of 
every beachrock outcrop. In many cases beachrock generation is attributed to a combination of 
factors. Early studies concluded that microbial activity does not play a major role in 
cementation of the beachrock on Heron Island, Great Barrier Reef (GBR) (Davies and Kinsey, 
1973). The beachrock on Heron Island is primarily cemented by isopachous, acicular aragonite; 
however, more recent investigations have found additional micritic cement in association with 
microbialites (Webb et al., 1999). Microbialites are organo-sedimentary structures in which 
sediments are trapped, bound, and/or precipitated within microbial biofilms (Burne and Moore, 
1987), and are found within the beachrock on Heron Island (Webb and Jell, 1997; Webb et al., 
1999). The apparent nucleation of this micritic cement on a framework of organic material 
suggests microbially induced precipitation was a factor in its formation (Webb et al., 1999). An 
important question in regards to abiotic explanations is: why is beachrock not more evenly 
distributed if the physicochemical conditions common to all carbonate beaches are all that is 
required for its formation? In this investigation, high-resolution electron microscopy and 
synchrotron-based X-ray fluorescence microscopy (XFM) were used to characterize the 
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structure and chemistry of cements in beachrock samples from Heron Island. The Maia 
detection system deployed at the Australian Synchrotron XFM beamline enables fast, high 
definition elemental mapping of complex natural materials (Ryan et al., 2010; Paterson et al., 
2011; Ryan et al., 2014). The purpose of this study is to characterize the structure and chemistry 
of beachrock cement, and address the possibility that endolithic microorganisms play a critical 
role in the cementation of these coastline deposits.  
 
2. Materials and Methods 
2.1 Heron Island beachrock  
Heron Island is a sand cay on Heron Reef, which is a lagoonal platform reef in the 
Capricorn Group in the southern GBR (Figure 1) (Jell and Webb, 2012). The island is ~750 m 
by ~240 m in size, while the reef is 10 km long with a maximum width of 4.5 km (Webb et al., 
1999). Beachrock occurs on the northern and southern beaches of Heron Island and outcrops are 
as much as 20 m in width, with seaward dip angles of 4-16° (Figure 2A). Multiple stages of 
beachrock formation have occurred on Heron Island, as is well demonstrated along the south-
eastern shoreline, with pebble to boulder sized blocks of older beachrock occurring cemented 
within younger generations of beachrock on the edge of the outcrop furthest from the ocean 
(Figure 2B). Microorganisms inhabit the beachrock in the form of epilithic mats on the surface 
(Figure 2C), as euendolithic communities boring into sediment grains, and as cryptoendolithic 
communities in the interstices within the beachrock (Figure 2D). Pike et al. (2015) found that 
although the microbial community composition varied by location in the beachrock, it is 
typically dominated by non-heterocystous cyanobacteria. For the present study, samples were 
collected to include both the older re-cemented blocks and an associated younger beachrock that 
held the older blocks in place at the time of sampling (Figure 2B). 
2.2 Electron and optical microscopy  
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Polished thin-sections and small pieces of beachrock were characterized using 
scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) using a 
Zeiss Leo 1540 XB microscope equipped with an Oxford Instruments INCA x-sight energy 
dispersive spectrometer for elemental analysis, as well as a JEOL JSM-7100F Field Emission 
SEM (FE-SEM). Whole pieces of beachrock (~5 mm in diameter) were fixed using 3% 
glutaraldehyde and dehydrated through an ethanol dehydration series (25%, 50%, 75%, 
100%, 100%, 100%) before being critical point dried. The whole samples were mounted on 
stainless steel pin stubs using adhesive carbon tabs. Thin sections were coated with 10 nm 
osmium using a Filgen OPC80T osmium plasma coater prior to examination using back-
scattered electron (BSE-SEM) mode at 10 kV and a working distance of 12 mm. Whole 
mount samples were coated with 5 nm of osmium, and analyzed using secondary electron 
SEM at 1 kV and at a working distance of 4 mm. Polished thin-sections of beachrock were 
observed using plane and cross-polarized optical microscopy using a Leica DM6000M 
microscope equipped with a Leica DFC310 FX camera as a means of characterizing grain 
contacts in the two generations of Heron Island beachrock.  
2.3 X-ray fluorescence microscopy  
Elemental maps were produced for polished thin sections of beachrock using the Maia 
detector on the Australian Synchrotron XFM beamline (Ryan et al., 2010; Ryan et al., 2014). 
Maps were produced for: P, S, Cl, Ar, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr; Ca and Sr 
were of interest for the purposes of this study. Mylar tape was used to affix the thin sections 
to a Perspex sample holder, which was then mounted on the sample translation stages. A 
monochromatic X-ray beam of 18.5 keV was focused to ~2.0 µm using Kirkpatrick-Baez 
mirrors (Paterson et al., 2011). Samples were raster-scanned on-the-fly through the focused 
beam to accumulate X-ray fluorescence spectra across regions of interest.  Dwell times per 
pixel were between 0.5 to 1.0 msec, and the pixel size was either 2×2 µm or 10×10 µm. 
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Elemental concentration maps were generated from the raw data using GeoPIXE software 
(CSIRO, 2011). Elemental concentrations for samples were quantified by calibrating to thin 
foil Pt, Fe, and Mn standards of known areal density.  
 
3. Results 
3.1 Beachrock structure: Optical and electron microscopy  
The beachrock is composed of well-sorted fine sand to gravel-sized grains of carbonate 
skeletal fragments (Figure 3A). The skeletal fragments include coral, algae (red and green), 
mollusc, and foraminifera (Webb et al., 1999), and are cemented together by isopachous 
aragonite fringe cement as well as meniscus cements at point contacts between grains (Figure 
3). Large voids between grains are filled with cryptoendolithic microbial communities (Figure 
4A-C) and space-filling, euhedral acicular aragonite crystals reaching tens of micrometers in 
length (Figure 5A). The euhedral aragonite is present both on the fringes of grains and as 
intergranular precipitates in void spaces within carbonate allochems.  
Observation of biofilms on the beachrock surfaces and in near-surface intergranular 
voids using secondary electron SEM revealed coccoid (Figure 6A,B) and filamentous (Figure 
6C-E) microorganisms in association with fragments of skeletal material, ‗new‘ carbonate 
precipitates, and large amounts of extracellular polymeric substances (EPS) (Figure 5, 6B-D,F). 
Considering the hydrated nature of EPS in nature, it is worth noting that the sample dehydration 
process results in the collapse of EPS; therefore, the EPS horizon observed using SEM is an 
underestimate of the extent of the EPS zone in the sample at the time of collection. Many of the 
hexagonal aragonite crystals are encapsulated within abundant EPS (Figure 5A,B), and in many 
cases a framework of EPS appears to be contained within the aragonite, producing obvious 
crystal defects (Figure 5C). When the beachrock was observed in thin section, microbes can be 
seen boring into the grains, which show varying states of degradation due to bioerosion by 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
8 
 
euendoliths (transition through different states of dissolution shown in Figure 7A-C). In some 
cases the resulting borings have subsequently been in-filled with carbonate cement (Figure 7A; 
bright regions).  
The older beachrock blocks are more competent than the younger, more friable 
beachrock in which they are cemented. This becomes evident when both are viewed using 
optical microscopy: the older beachrock contains more cement and fewer pore spaces than its 
younger counterpart (older beachrock: Figure 8A,B; younger beachrock: Figure 8C,D). The 
cement in the younger beachrock is primarily at (meniscus) point contacts between grains, 
whereas that in the older beachrock contains extensive isopachous fringe cement composed of 
aragonite needles.  
3.2 Beachrock chemistry: X-ray fluorescence microscopy 
XFM of beachrock thin sections showed the distribution of Sr in the allochems, which 
serve as a reference point for the secondary cements (Figure 8-11). A comprehensive suite of 
calcitic allochems (e.g., foraminifer tests, coralline red algae) and some low-Sr aragonitic 
skeletons (some gastropods) are clearly distinguishable on the basis of low Sr content, 
whereas other, mostly aragonite forms (e.g., Halimeda, coral) are enriched in Sr. In addition, 
the cements found in the filled borings and the aragonite needles are enriched in Sr (Figure 
8B; inlay). Interstitial microbialites in the beachrock are difficult to discern from associated 
detrital grains when viewed in polished thin sections using SEM, and even when mapped for 
Ca content. However, they become clearly visible by using XFM to visualize Sr 
concentrations and Sr/Ca ratios, showing that the microbialites are typically enriched in Sr 
relative to many of the surrounding grains (see Figures 9-11). A laminated aragonitic 
microbialite that has completely enclosed a calcitic red algal grain can be seen using SEM 
(Figure 10A-B) and XFM (Figure 10C-E). Note, the laminations, which are oriented parallel 
to the surface of the grain and exhibit a periodic transition between more and less densely 
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precipitated crystals of calcium carbonate (Figure 10B). The low Mg-content (<0.2 wt %) of 
all of these laminations measured using EDS indicates that they are composed of aragonite. 
Fossils of filamentous microorganisms are present within the laminations (Figure 10B; inset). 
When analyzed using XFM, the greater density of the more completely mineralized 
laminations translates into a stronger Sr signal (Figure 10D-E). The shape of many of the 
completely mineralized microbialites observed on grains reflects the morphology of their 
microbial biofilm precursors, and in some cases grains have an active layer of viable biofilm 
on the outer surface of the cemented portion (Figure 11A). Both the aragonite cemented 
microbialite and its associated biofilm exhibit trapping and binding of detrital grains of 
varying Sr concentration (Figure 11B-D). 
 
4. Discussion 
4.1 Internal recycling of cations part I: Dissolution via microbial borings 
Electron microscopy indicates the extent to which microbes have contributed to 
dissolution of carbonate minerals in the beachrock by boring into the grains (Figures 6 and 7). 
Although some of the borings may have been emplaced in the grains prior to deposition of 
the sediment on the beach, the fact that many of the bored cavities contained intact, 
presumably living cells at the time of sampling (Figure 7A-C) suggests that microbial boring 
is actively occurring in the beachrock, particularly near the surface. Dissolution by way of 
acid production is the classical explanation for the process of microbial boring (Schneider 
and Le Campion-Alsumard, 1999), however, such a mechanism is not suitable for boring by 
cyanobacteria, which possess a metabolism that promotes carbonate precipitation rather than 
dissolution. Even with the aid of associated heterotrophs, dissolution through acid production 
would be extremely difficult in any alkaline marine environment typically supersaturated 
with respect to calcium carbonate minerals (Garcia-Pichel, 2006). Other proposed 
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mechanisms for cyanobacterial boring in carbonates include one, or a combination of, the 
following: (1) temporal separation of photosynthesis (day) and respiration (night) such that 
boring coincides with the production of CO2 and lactic and formic acids during respiration; 
(2) spatially separating photosynthesis and respiration along a filament such that the cells 
closest to the grain are responsible for boring (respiring) while those away from the grain 
conduct photosynthesis; and (3) making carbonate mineral dissolution energetically favorable 
by using a calcium pump to actively move Ca
2+
 along the length of the filament away from 
the grain (Garcia-Pichel, 2006). With the pH of bulk seawater being ~8.3 and 
microenvironments hosting cyanobacteria being even more alkaline, the last option is the 
most realistic in the case of the borings observed in the beachrock. Bio-erosion of carbonates 
in coastal environments through phototrophic boring can dissolve as much as 0.6 kg of 
CaCO3/m
2
/year (Chazottes et al., 1995). This degree of mineral dissolution prompts the 
question of why organisms partake in this energetically expensive activity. Possible reasons, 
which need not be mutually exclusive, include: nutrient acquisition; protection from grazing, 
avoiding competition for space; protection from UV radiation; protection from wave 
activity/abrasion in the intertidal zone; and protection from desiccation during low tide 
(Cockell and Herrera, 2008). The progression of bio-erosion can be seen in the density of 
borings in different grains, ranging from low to high until all that remains of the original 
grains are disconnected fragments within a framework of the lithophytic microbial biofilm 
(Figure 7C). Such a progression suggests a transition in the microbial community from 
euendoliths to cryptoendoliths. In some cases, borings become filled by new cement, such as 
those in Figure 7A, which in similar environments has been found to strengthen stromatolites 
by cementing across grain boundaries (Macintyre et al., 2000). Although the driving factor 
behind the cyanobacterial boring on Heron Island remains unknown, it provides cations in 
solution for the initial phase of beachrock cementation.   
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4.2 Internal recycling of cations part II: carbonate cement precipitation  
The extensive dissolution of carbonate minerals through microbial boring plays an 
important factor in the release of cations then available for new carbonate mineral 
precipitation within the beachrock. This process puts ions into solution, creating 
microenvironments of high divalent cation (Ca, Mg, Sr) concentrations near the surface or 
deeper within the beachrock, which can subsequently be precipitated as new minerals through 
physicochemical and/or biological processes. Determining whether new mineral precipitation 
is physicochemical or biologically driven addresses one of the critical points of discussion 
regarding beachrock formation mechanisms. Many previous studies attributed beachrock 
cementation to abiotic physicochemical processes (Moore, 1973; Hanor, 1978; El-Sayed, 
1988; Gischler and Lomando, 1997) and much of the new cements observed in the present 
study appear as space-filling euhedral aragonite crystals, which classically would be 
considered abiotic in nature (Figure 5). However, closer examination using SEM reveals that 
these crystals contain and are encapsulated in EPS, suggesting a microbial component to their 
formation, e.g., localized, higher calcium concentrations and/or a role in mineral nucleation. 
In addition to these euhedral crystals, the laminated microbialites provide an obvious 
example of microbially mediated mineralization. The complexity of these structures, which 
appear to be generally homogeneous under BSE-SEM, only becomes evident using XFM. 
The need for high resolution FE-SEM to identify the EPS, as well as the benefit of XFM to 
document the chemical features within the microbialites demonstrate a need for high 
resolution techniques in order to detect microbial contributions to cement formation, a 
concept that may have important implications for other systems in which mineralization has 
previously been deemed abiotic.  
4.3 The critical role of EPS  
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The role of EPS in carbonate mineral precipitation has been studied in a variety of 
environments (Decho et al., 2005; Braissant et al., 2007; Braissant et al., 2009; Dupraz et al., 
2009; Obst et al., 2009; Gallagher et al., 2012). While the molecular structure and chemical 
reactivity of EPS produced by a biofilm can vary, depending on the environment in which the 
biofilm is growing, the ability of EPS to bind metal ions is universal (Rietveld, 1969; De 
Philippis and Vincenzini, 1998; Gutierrez et al., 2012; Li et al., 2016). In beachrock, locally 
high concentrations of cations released into solution via microbial boring would typically be 
washed away from the system with the onset of the next high tide. The presence of microbial 
mats and EPS, however, allows for cations to be retained and with continual tidal pulses, 
potentially increase in concentration within the beachrock system by adsorption from 
seawater. Microbial photosynthesis generates hydroxyls (reaction 1), causing an increase in 
the pH and therefore also the saturation index of carbonate minerals (reaction 2). The 
increase in pH is also important because it causes protons to be pulled off of the EPS 
(reaction 3), causing a configurational change to the EPS and freeing up binding sites for 
divalent cations (Trichet and Défarge, 1995; Braissant et al., 2007). This process, known as 
organomineralization, generates microenvironments of increased cation concentration when 
compared to the bulk water chemistry and allows the EPS to act as a cation reservoir (Trichet 
and Défarge, 1995; Braithwaite et al., 2000; Braissant et al., 2007). Consumption of EPS by 
heterotrophs reduces the number of cation binding sites available, causing a localized 
increase in carbonate mineral saturation index and subsequent precipitation (Braissant et al., 
2007). Previous studies demonstrated that this process can result in degraded EPS polymers 
being replaced by high-Mg calcite (Dupraz et al., 2004; Decho et al., 2005; Visscher and 
Stolz, 2005). The nucleation of carbonate minerals on EPS aids in overcoming the activation 
energy needed to initiate crystal growth. This is important because, even in seawater, which 
is supersaturated with respect to calcium carbonate, spontaneous precipitation generally does 
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not occur (Braithwaite et al., 2000). Once nucleation has occurred, however, crystal growth 
can proceed abiotically.  
HCO3
-
 + H2O  CH2O + O2 + OH
-
 (1) 
HCO3
-
 + OH
-
  CO3
2-
 + H2O (2) 
R-COOH + OH
-
  R-COO- + H2O (3) 
The role of EPS in carbonate precipitation was revealed when the beachrock samples 
were characterized using high-resolution FE-SEM. When viewed in thin sections using BSE, 
the cements appear to be primarily composed of acicular aragonite crystals. The euhedral, 
crystalline nature of these precipitates observed using light microscopy also suggests abiotic 
mineral formation. However, closer examination of these precipitates using secondary 
electron imaging of whole mounts, reveal extensive EPS on, and most notably within the 
aragonite crystals producing mineral ‗defects‘ (Figure 5). The presence of EPS in the 
minerals indicates a microbial component to what has previously been considered ‗abiotic‘ 
cement precipitation. Krumbein (1979) suggested that verifying a microbial influence in 
cement formation may be challenging due to limited preservation of organisms and 
biomarkers. The present findings suggest that preservation has occurred, but can only be 
detected using high-resolution techniques. This is not the first time biogenic carbonate 
precipitation has been mistaken for the products of abiotic mineral formation. Braithwaite et 
al. (2000) showed that bivalves can precipitate carbonate cements that are morphologically 
identical to crystals produced abiotically.  
4.4 Strontium in beachrock and associated microbialites  
The concentration of Sr in skeletal allochems in the beachrock is primarily dependent 
on the organism from which they were derived. Sr/Ca ratios in corals can vary based on the 
inverse relationship between temperature and the amount of Sr that substitutes for Ca in the 
crystal structure of coral aragonite (Houck et al., 1977; Reynaud et al., 2007). This method of 
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thermometry has been the focus of numerous studies attempting to use these values in 
modern and fossilized corals for paleoclimate reconstructions (McCulloch et al., 1994; 
Alibert and McCulloch, 1997; Hughen et al., 1999; Goodkin et al., 2005). Factors other than 
temperature can also influence the Sr content of corals. For example, different coral genera 
growing in the same environmental conditions allow varying amounts of Sr into their 
skeleton (Weber, 1973). Algal symbionts in some reef corals also greatly influence the Sr/Ca 
ratios in the portion of their skeleton that is precipitated during the day, while skeleton 
mineralized at night more readily reflects surface seawater temperature (Cohen et al., 2002). 
Calcification rate, mass accumulation, and water depth can also alter the amount of strontium 
incorporated into a coral skeleton (de Villiers et al., 1994; Weinbauer et al., 2000; Allison et 
al., 2005; Gagan et al., 2012). Allochems of the green algae, Halimeda, occur in the 
beachrock and contain higher concentrations of Sr (Figure 9) (Delaney et al., 1996). In 
contrast to allochems derived from skeletal remains of aragonitic organisms, those that 
produce a calcite skeleton, such as red algae and foraminifers, contain little Sr (Dodd, 1967). 
This heterogeneity amongst the Sr content of different marine invertebrates is in keeping with 
what was observed in the beachrock samples using XFM (Figures 8-11).  
Chemical characterization of the allochems in the beachrock is useful because 
dissolution of these grains via microbial boring provides cations for precipitation of new 
carbonate cement. Previous studies have demonstrated that Mg and Sr may be preferentially 
dissolved from carbonate via incongruent dissolution (Jones and Cox, 2001; Berner, 2003; 
Fuentes et al., 2011). If this were taking place within the beachrock, it would result in 
microenvironments of seawater with Sr/Ca ratios higher than those in bulk seawater. Such an 
occurrence may explain why the laminated aragonite microbialites are enriched in Sr 
compared to many of the detrital grains (Figures 10-11). Although beachrock is notoriously 
difficult to date, based on sea level constraints, most of ‗modern‘ beachrock formations have 
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formed in the last ~7000 years (Chivas et al., 1986; Neumeier, 1999; Vousdoukas et al., 
2007). Therefore, the change in Sr concentration in seawater has been negligible on the time 
scale of beachrock formation, suggesting that the ―Sr-rich‖ and ―Sr-poor‖ laminations in the 
microbialites (Figure 10A-E) are a product of micro-environmental controls within the 
beachrock. SEM-EDS analyses of these laminations, however, suggest that these laminations 
are a result of variations in density of aragonite, rather than variations in mineralogy. The low 
Mg concentrations, as determined by EDS,  preclude the occurrence of high Mg-calcite-rich 
laminations in the present material, although Mg-calcite was observed in other beachrock 
microbialites at Heron Reef (Webb et al., 1999). Based on fluctuations in nutrient input on 
the island, the laminations are likely the product of seasonal changes in the rate of microbial 
metabolism taking place in the beachrock. Over one hundred thousand seabirds, mainly 
white-capped noddies and shearwaters, occupy the island during their summer breeding 
season, depositing over 100 t of guano on the island per year (Smith and Johnson, 1995). 
During winter, the bird population drops to ~3% of its maximum summer value, resulting in 
almost two orders of magnitude less nitrogen and phosphorous being deposited on the island 
(Smith and Johnson, 1995). The high nutrient availability in summer would cause microbial 
autotrophy and heterotrophy in the beachrock to increase, resulting in more EPS production 
and degradation. This in turn, may cause a subsequent increase in cement nucleation and 
growth, possibly resulting in the more densely mineralized laminations observed in the 
beachrock. During winter, the microbial community in the beachrock would be less active 
and generate a reduced amount of carbonate cement, resulting in the less dense laminations. 
Seasonally controlled, microbially-mediated cement precipitation in the beachrock would 
result in the formation of two laminations per year. Subtidal cryptic microbialites in the 
Heron Reef reefrock are known to have grown at a rate of 2.9 mm/100 years (Webb and Jell, 
2006). If the beachrock microbialites grow at a similar rate to their reefrock counterparts, the 
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width of the beachrock laminations (~10‘s of micrometers; Figure 10) is consistent with this 
biannual periodicity. Regardless, the presence of the laminated structure and the detrital 
grains within the microbialites indicates new cement precipitation occurs concurrently with 
trapping and binding.  
4.5 Progression of beachrock cementation 
Using the information presented in sections 4.1-4.4, an interpretation can be made for 
the larger scale observations made in the field and by using optical microscopy regarding the 
two generations of beachrock. The older beachrock has lower porosity and more cement than 
the younger, less consolidated beachrock. The two generations of beachrock presumably 
formed under the same environmental conditions and provide snapshots of the progression of 
beachrock cementation over time. Unconsolidated beach sand in the intertidal zone provides 
a habitat for lithophytic cyanobacteria-heterotroph biofilms, which would initially help 
stabilize the beach sand. When these organisms bore into sand grains, they produce a high 
interstitial concentration of soluble cations within the beachrock precursor material, which 
may be concentrated in associated EPS. These cations are then precipitated in the first 
meniscus cements at grain contacts at low tide, which continue the process of stabilizing the 
sand. While still in the early stages of formation, beachrock such as the ‗young‘ variety 
examined in the present study contains abundant large pore spaces (>> μm–scale), allowing 
extensive endolithic habitation by microorganisms. Further grain dissolution and adsorption 
of Ca
2+
 from seawater fuels new carbonate precipitation as isopachous cements and space-
filling aragonite needles. Over time, cement filling causes the porosity of the beachrock to 
decrease, reducing the space available for cryptoendolithic habitation. As the beachrock 
becomes more massive and less permeable, the endoliths are limited to inhabiting the outer 
surface of the beachrock causing an overall decrease in the microbial activity and cement 
formation. This can be observed in the field, with the older blocks hosting less robust 
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biofilms than the surrounding younger beachrock. The ability of biomineralization to alter, 
and inhibit fluid flow in porous materials has previously been characterized using 
microfluidic cells (Singh et al., 2015). At Heron Island, the older beachrock was likely ripped 
up by wave action during a storm event or broke as unconsolidated beach sand was 
weathered out from beneath it, prior to being cemented into its current position by the 
younger formation. This ‗self-healing‘ capability of beachrock, is only possible in a dynamic 
system.  
4.6 Tidal wetting and drying  
One of the unique aspects of microbial carbonate formation in beachrock is the added 
complexity of wetting and drying cycles within the intertidal zone. The combination of 
daylight and high tide would promote photosynthesis, and therefore the production of 
oxygen, EPS, hydroxyls and alkalinity. The diurnal timing of cyanobacterial boring into 
carbonate grains to put cations into solution adds to the complexity of the systems and is 
dependent on the method by which this microbial mechanism occurs (Garcia-Pichel, 2006). 
Regardless, these cations would bind to the EPS, retaining them within the beachrock system. 
At night, heterotrophy would be the dominant form of microbial activity, which would cause 
an increase in EPS consumption, freeing cations from the EPS to induce ‗heterotrophic‘ 
carbonate mineral precipitation (Braissant et al., 2009; Power et al., 2011). During low tide, 
evapoconcentration of cation concentrations and alkalinity generated through photosynthesis 
would cause rapid precipitation of fine-grained carbonate crystals, such as the micritic 
precipitation previously described to form on the surface of the microbial mats on the Heron 
Island beachrock (Davies and Kinsey, 1973). It appears that precipitation due to low tide 
evapoconcentration plays an important role in the early stages of beachrock formation. As 
seen in Figure 8, most of the cements in the younger beachrock occur as meniscus cement at 
point contacts between grains. In contrast, the isopachous cements found in the older 
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beachrock blocks are indicative of precipitation at high tide, when the outcrop is completely 
submerged. This suggests that establishment of the primary cements is the key challenge, 
after which further stabilization through isopachous cement precipitation can continue more 
readily.  
 
5. Conclusions 
The results of this investigation provide evidence that microorganisms played a direct, 
critical role in the formation of Heron Island beachrock. Dissolution of carbonate grains by 
cyanobacteria enhances the process of adding cations to solution, after which beachrock 
cementation begins as meniscus cements at grain contacts, followed by a progression to 
isopachous cements composed of acicular aragonite. Nucleation of the cements appears to be 
largely controlled by EPS. Discrete fossil-bearing laminated microbialites also encrust the 
grains in the beachrock and contain detrital grains trapped and bound in the original biofilm. 
The availability of high-resolution techniques has made it possible to observe and 
characterize previously undescribed biomarkers in the beachrock such as the presence of EPS 
in the aragonite crystals.   
 The link between microbial activity and cementation answers the question of why 
beachrock is not prevalent on all low-latitude carbonate beaches as would be the case if 
controlled only by physicochemical factors. Beachrock formation may, therefore, be 
restricted to intertidal environments inhabited by a particular community of microorganisms 
and it may require the stochastic absence of disturbance for long enough that the initial 
meniscus cements stabilise the sand. Once that occurs, the process can then continue to form 
stronger beachrock. The interpretations made in this study are based strictly on natural 
samples. Further investigation is needed to better understand the microbial community 
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responsible for this process and to acquire a more detailed understanding of the 
biogeochemical conditions needed for localized cement formation.  
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Figure Captions 
Figure 1. A composite map highlighting the location of Heron Island, a sandy cay on Heron 
Reef, in the Capricorn Group of the southern Great Barrier Reef off the east coast of 
Australia (Google Earth, 2014). Representative samples of beachrock were collected from the 
south shore of Heron Island (see box on lower image) to examine less consolidated (younger) 
versus more consolidate (older) beachrock cements. 
 
Figure 2. Field photographs illustrating the beachrock occurring in the intertidal zone along 
south Heron Island. A) A general overview showing seaward dipping bedding. B) At least 
two generations of beachrock, with older blocks (labelled 1
st
 generation) cemented within a 
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2
nd
, younger generation of beachrock. C) Microbial mats within dissolution pits on the 
surface of the beachrock. Note the oxygen bubbles generated by photosynthesis. D) 
Endolithic phototrophs (green horizon) were common in the upper few millimetres of the 
beachrock. 
 
Figure 3. Backscatter electron scanning electron micrographs (BSE-SEM) of polished thin 
sections of beachrock. A) The carbonate grains found in the beachrock are comprised of 
skeletal material from various marine invertebrates; note, the curved suspended material in 
the upper right of the image, indicating structural support from electron translucent 
exopolymer, capable of trapping and binding material. B) Grains are cemented together 
preferentially at points of contact (arrow). C) The surfaces of the sealed cavities within the 
beachrock are coated in acicular aragonite fringe cements (arrows).  
 
Figure 4. Backscatter electron scanning electron micrographs showing microorganisms 
within beachrock cavities. A) The morphological heterogeneity of the cells within the biofilm 
demonstrates the complex community in the beachrock. B) The abundance of filamentous 
cyanobacteria highlights the importance of this primary producer within the photic zone. 
Note, evidence for carbonate dissolution on the right of the image. C) Note, the favored 
growth of these bacteria as microcolonies (arrows) within this heterogeneous microbial 
community (also evident in A and B).  
 
Figure 5. Secondary scanning electron micrographs showing the acicular aragonite coating 
the detrital grains within the cavities. The extensive network of EPS, seen at low 
magnification (A) and at high magnification (B) suggests that the aragonite crystals would be 
encapsulated by hydrated EPS. C) Lattice defects in the crystal structure (white arrow), in 
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particular their association with EPS (black arrow), suggest that nucleation of these ‗abiotic‘ 
minerals is occurring on EPS. 
 
Figure 6. Secondary scanning electron micrographs demonstrating the morphological 
diversity of the microorganisms present in the beachrock community. A) A microcolony of 
coccoid cells producing casts of calcium carbonate; B) coccoid cells with associated EPS; C-
D) filamentous cells with extensive EPS and trapped and detrital grains; E) filamentous cells 
boring into a grain; and F) a coccolith among EPS.  
 
Figure 7. Backscattered electron scanning electron micrographs showing the presence of 
microbial borings in the grains in the beachrock. A) In addition to borings, evidence of 
infilling of borings by secondary (higher atomic mass; bright) cement; B) provides an 
example of moderately bored grains, while C) shows the left over fragments of a grain 
remaining after extensive boring by euendolithic microorganisms. The presence of live, intact 
cells in the borings in (B) indicates that the beachrock sample was being actively bored by 
these microorganisms at the time of sampling.  
  
Figure 8. Photomicrographs and XFM comparing two generations of beachrock on Heron 
Island. Note that the older beachrock on Heron island contains more isopachous cement and 
has lower porosity, which can be observed using plane-polarized (PPL, top A) and cross-
polarized (XPL, bottom A) optical microscopy, and XFM (B). The aragonite needles and the 
in-filled borings are Sr-rich (see inlay). In contrast, the grains in the younger beachrock are 
cemented at point contacts as seen using PPL (top C) and XPL (bottom C), and XFM (D). 
Note, pore space is white in PPL and black in XPL. In the XFM maps the Sr-rich/Ca-poor 
regions are yellow and the Ca-rich/Sr-poor regions are blue. Scan conditions in B: pixel size: 
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2×2 µm; dwell time: 0.5 msec. Scan conditions in D: pixel size: 10×10 µm; dwell time: 
0.56 msec.  
 
Figure 9. XFM showing the distribution of A) calcium and B) strontium in a large (field of 
view ~1.8 cm) region of older beachrock. The concentration for each element increases from 
black to yellow on the color scale. Microbialites, occurring on most grain surfaces within the 
beachrock, and in-filled microbial borings are composed of Sr-rich carbonate. Scan 
conditions: pixel size: 2×2 µm; dwell time: 0.49 msec.  
 
Figure 10. A large laminated microbialite formed around a calcitic red algal grain observed 
using A) BSE-SEM. The region indicated by the box in (A) is shown in B) highlighting that 
the microbialite laminations show a change in crystal fabric, and contain microfossils (inlay). 
When the grain on which the microbialite has formed is analyzed for Ca-content using XFM, 
it is indistinguishable from the microbialite itself (C), however, it is clearly visible when Sr-
content is analyzed (D) with the Sr:Ca ratio further defining the structure along the grain 
boundaries (E). Scan conditions: pixel size: 2×2 µm; dwell time: 0.98 msec. 
 
Figure 11. A laminated microbialite found on a grain viewed using A) BSE-SEM; B) XFM 
Ca-content; C) XFM Sr-content; and D) XFM relative Sr-Ca-content. Detrital grains with 
either high or low Sr-content can be seen trapped within the microbialite carbonate cement. 
Scan conditions: pixel size: 2×2 µm; dwell time: 0.98 msec.  
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Highlights for ―Beachrock formation via microbial dissolution and re-precipitation of 
carbonate minerals‖ 
 
• Beachrock provides habitats for endolithic microorganisms in the intertidal zone 
• Dissolution of grains in beachrock via microbial boring releases soluble cations  
• Microbial photosynthesis aids aragonite cement formation to produce beachrock 
• Aragonitic microbialites in beachrock are typically enriched in Sr 
• Microbialites in beachrock are laminated due to seasonal changes in nutrient input 
